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Abstract 
Cells of Torulaspora delbrueckii IGC 4478 grown in a medium with DE-lactic acid (0.5%, v/v, at pH 5.0) exhibited Michaelis-Menten 
kinetics for labelled L-lactic acid transport with the following parameters atpH 5.0". Vm~ x, 0.38 nmol of total L-lactic acid s- 1 per mg dry 
weight of cells and K m, 0.05 mM total L-lactic acid. Furthermore, vidence was available indicating that a proton symport for the charged 
form of the acid was involved. D-lactic, acetic, propionic, pyruvic and formic acids were competitive inhibitors of labelled L-lactic acid 
transport, suggesting that these acids used the same transport system. The ability of T. delbrueckii IGC 4478 to grow with acetic acid as 
the carbon source was dependent on the acid concentration a d on the pH of the culture medium. When the cells were grown in 0.5% 
(v/v) acetic acid (pH 6.0), the transport of labelled acetic acid followed a Michaelis-Menten kinetics with the following parameters at 
pH 5.0: Vma x, 2.93 nmol of total acetic acid s- 1 per mg dry weight of cells and K m, 0.55 mM total acetic acid. The system also displayed 
a behavior consistent with a proton symport mechanism. However, the specificity of this carrier was distinct from that observed for the 
monocarboxylate transport in DE-lactic acid grown cells. While propionic and formic acids were competitive inhibitors of the labelled 
acetic acid transport, DE-lactic and pyruvic acids did not exhibit any inhibitory effects on that transport. Moreover, under the same 
conditions, no uptake was observed when the transport was measured with labelled L-lactic acid. Both systems were inducible and 
subjected to repression by glucose, fructose or sucrose. Accordingly, diauxic growth was observed in a medium containing a mixture of 
any of these sugars plus lactic, pyruvic or acetic acid. While the induction of the acetate proton-symport appeared to be exclusively 
associated with acetic acid, the lactate proton-symport could be induced by either lactic or pyruvic acid but not by acetic acid. Besides, 
glucose repressed cells were still permeable to the undissociated form of the acids which entered the cells by simple diffusion. 
Furthermore, the activities of the lactate proton-symport and of the acetate proton-symport appeared not to be associated with the activity 
of the L-lactate (cytochrome) dehydrogenase. 
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1. Introduction 
Torulaspora delbrueckii belongs to the so called Krebs 
negative yeast species [1] and thereby shows an incapacity 
to use externally added carboxylic acids of the Krebs cycle 
as the sole carbon and energy sources. However, these 
species often contain strains which are able to grow with 
lactic and other monocarbo×ylic a ids as the only carbon 
and energy sources. This implies that in such strains these 
acids are able to cross the plasma membrane, ither as the 
anion, the undissociated acid or in both forms. The trans- 
port for short-chain monocarboxylic a ids has been studied 
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in a few yeast species. In Saccharomyces cerecisiae [2] 
and Candida utilis [3] lactate and other monocarboxylates 
are transported by proton symports, while in 
Kluyzeromyces marxianus [4] a monocarboxylate uniport 
appeared to be involved in lactate transport. Meanwhile, 
no work seems to have been published on membrane 
transport of monocarboxylic acids in T. delbrueckii. The 
subject, besides its academic interest, may have a practical 
dimension. Actually, this species is known to be highly 
resistant to stress conditions and hence often isolated from 
food products, such as juice fruits, bakery and dairy milk 
products, or grape must and wine [5-8]. Furthermore, 
strains of T. delbrueckii have been marketed in the baking 
industry, particularly in Japan [9]. In the present article, we 
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report on the transport of short-chain monocarboxylic a ids 
across the plasma membrane and its regulation in the strain 
T. delbrueckii IGC 4478. Depending on the growth condi- 
tions, evidence points to the existence of two distinct 
proton symport systems: one for acetate, propionate and 
formate and another, less specific, for lactate, pyruvate, 
acetate, propionate and formate. 
2. Materials and methods 
2.1. Microorganism and growth conditions 
Torulaspora delbrueckff IGC 4478 was maintained on a 
medium containing glucose (2%, w/v), peptone (1%, 
w/v), yeast extract (0.5%, w/v)  and agar (2%, w/v). A 
mechanically agitated fermenter (Minifermenter-System, 
Biolab, B. Braun Melsungen) with a working volume of 1 
1, under pH, agitation (200 rpm) and temperature (25 ° C) 
control, was used to grow the yeast in a liquid mineral 
medium with vitamins [10] and supplemented with the 
following carbon sources: glucose, fructose, sucrose, lactic 
acid, acetic acid, formic acid, propionic acid, pyruvic acid, 
glycerol or ethanol, at the concentrations and pH values as 
indicated in the results. 
2.2. Measurement of initia,! uptake rates 
The cells were harvested in mid-exponential phase 
(A640nm 0.5-0.6), centrifuged, washed twice in ice-cold 
distilled water and resuspended in ice-cold distilled water 
to a final concentration f about 35 mg dry weight/ml. 
The uptake rates of labelled monocarboxylic a ids were 
estimated using 10 ml conical centrifuge tubes containing 
30 /xl of 0.1 M KH2PO 4 buffer at the desired pH and 10 
/zl of the yeast suspension. After 4 min of incubation at 
25°C in a water bath, the reaction was started by the 
addition of 10 #1 of an aqueous olution of labelled acid 
(2300-2600 dpm/nmol) at the desired concentration and 
pH values. The reaction was stopped by dilution with 5 ml 
of ice-cold water. Sampling times were 0, 5 and 10 s for 
monocarboxylic a id-grown cells, and 0, 30 and 60 s, for 
glucose-grown cells times over which the uptakes of la- 
belled acids were linear. The reaction mixtures were fil- 
tered immediately through GF/C  membranes (Whatman, 
Clifton, NJ), the filters washed with 10 ml of ice-cold 
water and transferred to the scintillation fluid (Opti-Phase 
HiSafe II; LKB FSA Laboratory Supplies, Loughgorough, 
UK). Radioactivity was measured in a Packard Tri-Carb 
2200 CA liquid scintillation spectrophotometer, with dpm 
correction. For non-specific ~4C adsorption, at zero time 
labelled carboxylic acid was added after cold water. Inhibi- 
tion by non-labelled carboxylic acids was assayed by 
adding simultaneously the labelled and non-labelled sub- 
strate. 
The radioactive labelled acids utilized were: [U- 
14C]acetic acid, sodium salt, (CFA229-Amersham), L-[U- 
lnc]lactic acid, sodium salt, (CFB97-Amersham), [2- 
a4C]propionic acid, sodium salt, (CFA88-Amersham), L-
[U-14C]malic acid (CFB42-Amersham) and [1,5-14C]citric 
acid (CFA263-Amersham). 
Proton uptake was measured using a standard pH meter 
PHM 62 (Radiometer, Copenhagen) connected to a flat-bed 
Perking-Elmer 024 Recorder. The pH electrode was im- 
mersed in a water-jacketed chamber provided with mag- 
netic stirring. To the chamber were added 4.5 ml of 10 
mM KH2PO 4 and 0.5 ml of cell suspension. The pH was 
adjusted to the desired value and a base line was obtained. 
The desired amount of D-lactic acid, L-lactic acid, pyruvic 
acid, acetic acid, propionic acid or formic acid (adjusted to 
the experimental pH value) was added and the subsequent 
alkalization was followed in the recorder. Initial uptake 
rates of protons were calculated from the slope of the 
initial part of the pH trace. Calibration was performed with 
HCI. 
2.3. Measurement of propionic acid accumulation 
Preliminary experiments howed that propionic acid 
was not metabolized by T. delbrueckii IGC 4478 and used 
the lactate-proton symport, as well as the acetate-proton 
symport. Thus, propionic acid was used to study the 
accumulative capacity of these transport systems without 
interference from metabolism. Carboxylic acids-grown 
cells (25 /zl) were added to 75 /xl of 0.1 M KH2PO 4 
buffer, adjusted to the desired pH value and incubated at 
25°C with magnetic stirring. The reaction was started by 
addition of 25 /xl of 0.1 mM [14C]propionic acid (15000 
dpm/nmol). At appropriate times, 10 /zl aliquots were 
taken from the reaction mixture into 5 ml of ice-cold water 
and filtered immediately through Whatman GF/C  mem- 
branes. The filters were washed with 10 ml of ice-cold 
water and counted as indicated above. The intracellular 
concentration of propionic acid was calculated assuming 
that 1 mg (dry weight) of the yeast contained 2.0 /zl of 
intracellular water [11 ]. 
2.4. Calculation of the concentrations of carboxylic acids 
as a function of pH 
Concentration of the several ionization forms of car- 
boxylic acids were calculated by the use of the Hender- 
son-Hasselbalch equation with the following pK a values: 
lactic acid, pK a = 3.86; pyruvic acid, pK a = 2.49; propi- 
onic acid, pK a ~ 4.88 and acetic acid, pK a --- 4.76. 
2.5. Calculation of kinetic parameters for mediated trans- 
port systems 
Estimates of kinetic parameters were obtained from 
Eadie-Hofstee or Lineweaver-Burk plots of the initial 
124 M. Casal, C. Le~o / Biochimica et Biophysica Acta 1267 (1995) 122-130 
uptake rates of labelled carboxylic acid, as well as of the 
initial uptake rates of protons in the cell suspension. In 
order to determine the best fitting transport kinetics to the 
experimental initial uptake rate values, a computer-assisted 
non-linear egression analysis (GraphPAD software, San 
Diego, CA, USA) was used. 
2.6. Enzymatic assays 
The yeast extracts were always prepared from cells 
collected in mid-exponential phase of growth, washed with 
water and stored at -20  ° C. 
L-Lactate (cytochrome) dehydrogenase (L-LDH) activity 
was determined according to [12]. The methodology is 
based on the permeabilization of whole cells with n- 
butanol. The enzyme assays were carried out at 25°C by 
following in the spectrophotometer, at 420 nm, the reduc- 
tion of ferricyanide. The specific activity was expressed as 
tzmol of ferricyanide reduced per min per g dry weight of 
cells (U g 1 dry wt.). 
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Fig. 1. Lineweaver-Burk plots of the initial uptake rates of L-[14C]lactic 
acid at pH 5.0, as a function of lactic acid concentration, by lactic acid 
grown cells of T. delbrueckii IGC 4478 (0.5%, v/v, pH 5.0), in the 
absence ( I )  and in the presence of 1 mM cold L-lactic acid (©) or of 
D-lactic acid (O). 
3. Resu l ts  
3.1. Transport of monocarboxylic a ids by lactic or pyru- 
vic acid-grown cells 
2.7. Estimation of glucose, L-lactic acid and acetic acid 
Glucose was estimated using the glucose oxidase 
method, Test-Combination (Boehringer-Mannheim, Ger- 
many), L-lactic acid by the enzymatic method with L-lactate 
dehydrogenase, Sigma Diagnostic No. 826-A and acetic 
acid by the method of Test-Combination (Boehringer-Man- 
nheim, Germany). 
2.8. Reproducibility of the results 
All experiments were repeated at least three times and 
the data reported here represent the average values. 
Torulaspora delbrueckii IGC 4478 was able to grow in 
a medium with either DE-lactic acid (0.5%, v /v )  or pyru- 
vic acid (0.5%, w/v )  as sole carbon and energy source, 
with the initial pH ranging from 3.0. to 6.0, 25 ° C. Cells 
grown on 0.5% DE-lactic acid (pH 5.0), were used to 
measure the initial uptake rates of labelled L-lactic acid, 
over a concentration range from 0.01 to 4 mM. The uptake 
mechanism at pH 5.0, obeyed to Michaelis-Menten kinet- 
ics and was characterized by a maximum velocity (Vma x) 
of 0.38 nmol total L-lactic acid s-~ mg-~ dry weight of 
cells and a Michaelis constant (K m) of 0.05 mM total 
L-lactic acid (Fig. 1). To study the substrate specificity of 
the carrier estimates of the initial uptake rates of labelled 
L-lactic acid in the presence of several monocarboxylic 
acids were obtained. Firstly, both enantiomers, L- and 
Table 1 
Inhibition of the monocarboxylic acid transport systems by different carboxylic acids, in 72 delbrueckii IGC 4478 cells grown in a medium with lactic acid 
(0.5%, v/v, pH 5.0) or with acetic acid (0.5%, v/v, pH 6.0), as the carbon and energy source 
Acid Lactic acid-grown cells a Acetic acid-grown cells b 
inhibition type K i (mM total acid) inhibition type K i (mM total acid) 
Acetic acid competitive 0.290 
Propionic acid competitive 0.152 
Formic acid competitive 0.264 
Pyruvic acid competitive 0.136 
D-Lactic acid competitive 0.05 
L-Lactic acid competitive 0.05 
Succinic acid no inhibition - 
DL-Malic acid no inhibition - 
Citric acid no inhibition - 
corn Jetitive 
corn 9etitive 
com 9etitive 
no inhibition 
no inhibition 
no inhibition 
no inhibition 
no inhibition 
no inhibition 
0.170 
0.796 
0.252 
The values of the inhibition constants (Ki) were determined at pH 5.0, 25 ° C, exemplified in Figs. 2 and 4. 
a Estimated with labelled lactic acid. 
b Estimated with labelled acetic acid, except when acetic acid was tested as inhibitor, in which case labelled propionic acid was used. 
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Fig. 2. Inhibition of L-[~4C]lactic acid transport by propionic acid, at pH 
5.0, in lactic acid grown cells of T. delbrueckii IGC 4478 (0.5%, v/v,  
pH 5.0). This figure represents Eadie-Hofstee plots of a typical inhibition 
experiment with cold propionic acid at final concentrations of 0 mM( • ), 
1 mM (D), 2 mM (0)  or 4 mM (©). Inset: the apparent Km of labelled 
lactic acid uptake is plotted against he propionic acid concentration. The 
straight line obtained has a slope of 0.26 (r = 0.99) corresponding to a 
K i of 0.152 mM for total propionic acid. 
D-lactic acid, appeared te be transported by the carrier 
since each of them was a competitive inhibitor of the 
transport of labelled L-lact~ic acid (Fig. 1). Pyruvic, formic 
and propionic acids were also competitive inhibitors of 
lactate transport at pH 5.0. The correspondent K i values 
are listed in Table 1 and Fig. 2 shows results of representa- 
tive experiments. These data suggest hat these acids were 
transported by the same carrier as lactic acid. Moreover, 
the inhibition of labelled propionic acid by De-lactic acid 
was also competitive with a K i value close to the K m of 
lactic acid transport (not shown), reinforcing that both 
acids utilized the same caJxier. On the other hand, malic, 
succinic and citric acids were not competitive inhibitors of 
lactic acid transport at pH 5.0. Furthermore, no incorpora- 
tion of labelled malic and citric acids was observed, indi- 
cating that those di- and tricarboxylic acids were not 
transported by lactic acid-grown cells. 
Table 2 
Michaelis constants (K m) of the lactic acid transport system as a function 
of extracellular pH (pHex t) in T. delbrueckii IGC 4478, grown in a 
medium with lactic acid (0.5%, v/v,  pH 5.0) as the carbon and energy 
source 
pHex t K m (mM) for 
total anions a undissociated 
acid acid b 
3.0 0.595 0.072 0.523 
4.0 0.09 0.052 0.038 
5.0 0.05 0.047 0.003 
6.0 0.12 0.119 0.0007 
The K m values were obtained from the Lineweaver-Burk plots of the 
uptake of the labelled acid and expressed as the concentration f undisso- 
ciated acid or anion forms at the experimental pH, as described under 
Materials and methods. 
a Transport of anionic form. 
Facilitated difusion of undissociated acid. 
The transport of lactic acid at pH 6.0 gave similar 
results, regarding either the labelled acid uptake kinetics or 
the substrate specificity of the carrier. At lower pH values, 
the plot of the initial velocities against he concentration of
the total lactic acid indicated the presence of a mediated 
transport system which, at least in our experimental condi- 
tions, did not appear to be contaminated with a possible 
simple diffusion component of the undissociated acid, the 
relative concentration of which increases with decreasing 
external pH. Indeed, at pH 4.0 or 3.0, the Eadie-Hofstee 
plots of the initial velocities of labelled acid showed 
monophasic kinetics over the entire acid concentration 
range (not shown). Furthermore, a computer-assisted non- 
linear regression analysis of the data obtained at all pH 
values tested agreed with the presence of only one, 
carrier-mediated, transport system. Estimates of the 
Michaelis-Menten constants are given in Table 2. The K m 
values, when expressed as the concentration of undissoci- 
ated acid, varied about 103-fold between pH 3.0 and 6.0 
and less than 3-fold when expressed as the concentration 
of lactate. These results favour the hypothesis that the 
anionic form of the acid rather than the undissociated one 
was the substrate transported. 
Table 3 
Kinetic parameters for proton-moancarboxylate symports of T. delbrueckii IGC 4478 grown in a medium with either lactic acid (0.5%, v/v,  pH 5.0) or 
acetic acid (0.5%, v/v,  pH 6.0), as the carbon and energy source 
Acid Lactic acid-gxown cells Acetic acid-grown cells 
Km Vmax Km Vmax 
(mM total acid) (nmol H ÷ s- i mg J d.w.) (raM total acid) (nmol H ÷ s-  I mg- I d.w.) 
DL-lactic 0.11 0.51 -- ~ -- 
Pyruvic 0.13 2.52 -- -- 
Acetic 0.27 2.32 0.08 2.5 
Formic 0.13 2.45 0.06 1.9 
Propionic 0.15 0.24 0.25 4.3 
The kinetic parameters were estimated from Lineweaver-Burk plots of initial uptake rates of protons at pH 5.0, as described under Materials and methods. 
a Indicates absence of transport. 
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Fig. 3. Accumulation of [14C]propionic acid at pH 5.0 ( I )  by lactic acid 
grown cells of T. delbrueckii IGC 4478 (0.5%, v/v,  pH 5.0). The initial 
extracellular concentration of total propionic acid was 0.1 mM. At the 
time indicated by the arrow additions were: 10 mM cold acetic acid (• ) ,  
10 mM cold lactic acid (r-l) and 0.1 mM CCCP (C)); (Q) CCCP added 
to the reaction mixture before addition of labelled propionic acid. 
With respect o the mechanism underlying the transport 
of the anions, a co-transport with protons appeared to be 
involved. Support for this possibility comes from the fol- 
lowing observations. Addition of OL-lactic acid to a sus- 
pension in weak buffer (pH 5.0) of lactic acid-grown cells 
induced a transient extracellular alkalization indicative of 
proton uptake. Furthermore, the initial rates of proton 
influx followed Michaelis-Menten kinetics which was 
consistent with the presence of a proton-lactate symport. 
Similar kinetics of H + uptake as a function of the concen- 
tration of DL-lactic acid were displayed by the cell suspen- 
sion at pH 4.5 and 4.0. When propionic, pyruvic, acetic or 
formic acids were added to a suspension of cells in weak 
buffer (pH 5.0) the initial uptake rates of protons followed 
Michaelis-Menten kinetics as a function of the concentra- 
tion of the acids (not shown) which is consistent with a 
proton symport mechanism and with the data from the 
uptake of radiolabelled substrates. The correspondent ki- 
netic parameters are listed in Table 3. 
Transport of labelled propionic acid, a non-metaboliz- 
able analogue of lactic acid for the strain under study, was 
accumulative at pH 5.0 (Fig. 3). As shown in the figure, 
cold DL-lactic or acetic acids induced rapid efflux of the 
labelled accumulated propionic acid, indicating that at least 
two thirds of the accumulated radioactivity was free propi- 
onic acid. Furthermore, these results reinforced the hypoth- 
esis that all these monocarboxylic acids use the same 
carrier. The protonophore carbonyl cyanide m- 
cholorophenylhydrazone (CCCP) prevented accumulation 
and caused a rapid efflux of accumulated acid (Fig. 3) 
which indicated that transport and accumulation of labelled 
propionic acid were dependent on the transmembrane pro- 
ton motive force [13]. Accordingly, an inhibition of 83% 
was observed when the uptake of labelled propionic acid 
was measured at pH 5.0, after incubation of the cells for 2 
min with 20 /zM CCCP (not shown). These observations 
again make a H+-symport the likely mechanism for the 
transport of monocarboxylates observed in lactic acid- 
grown cells. 
Following the methodology described above, experi- 
mental evidence was obtained indicating that cells grown 
in 0.5% pyruvic acid, at pH 5.0, also produced a mediated 
transport system for lactic acid and other monocarboxyl- 
ates which, in all likelihood, was the monocarboxylate 
proton symport found in lactic acid-grown cells (results 
not shown). 
3.2. Transport of monocarboxylic acids by acetic acid- 
grown cells 
T. delbrueckii IGC 4478 is able to use acetic acid, but 
not propionic or formic acids, as sole carbon and energy 
sources. However, in a medium with 0.5% (v /v )  acetic 
acid growth was only measurable at pH values higher than 
5.0. Cells grown in acetic acid medium (0.5%, v /v ,  at pH 
6.0) were analyzed for their capacity to transport weak 
monocarboxylic acids starting with the examination of 
acetic acid transport. The Eadie-Hofstee plot of the initial 
uptake velocities against the concentration of the acid, at 
pH 5.0, was linear following Michaelis-Menten kinetics 
(Fig. 4). To determine whether the specificity of this 
mediated transport system was similar to that observed for 
the proton lactate symport in lactic acid-grown cells, inhi- 
bition studies were performed. Estimates of the initial 
uptake rates of labelled acetic acid in the presence of 
various monocarboxylic acids showed that propionic and 
formic acids were competitive inhibitors of acetic acid 
3.0 
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Fig. 4. Inhibition of [laC]acetic acid transport by propionic acid, at pH 
5.0, in acetic acid-grown cells of T. delbrueckii IGC 4478 (0.5%, v/v, 
pH 6.0). Final propionic acid concentrations were: 0 mM (m), 1 mM 
(D), 3 mM (O) or 10 mM (©). Inset: the apparent K m of labelled acetic 
acid uptake is plotted against he propionic acid concentration. The 
straight line obtained has a slope of 0.59 (r = 0.99) corresponding to a 
K i of 0.796 mM for propionic acid. 
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Fig. 5. Initial uptake rates of labelled acetic acid (A) and lactic acid (B), as a function of the concentration f undissociated acid, by glucose-repressed cells 
of T. delbrueckii IGC 4478, at various extracellular pH (pHext): 3.0 ([]), 4.0 (• ) ,  5.0 (©) and 6.0 (0) .  Insets: pH dependence of the diffusion constants 
(K~) estimated from the slopes. 
transport at pH 5.0 (Table 1, Fig. 4), suggesting that they 
shared the same carder. In contrast, lactic and pyruvic 
acids (up to 20 mM) had no significant inhibitory effect on 
the transport of labelled acetic acid. Moreover, when the 
transport of lactic acid was estimated by measuring the 
initial uptake rate of labelled lactic acid at concentrations 
ranging from 0.01 to 4 mM, pH 5.0 and 4.0, the uptake 
rates were negligible. Thus, it appears that lactic acid does 
not enter acetic acid-grown cells, even by passive diffusion 
of the undissociated acid. If these cells are permeable to 
the undissociated acid, tile uptake was not measurable 
under the conditions of reaction time and concentrations of
acid used. 
From Eadie-Hofstee plots of labelled acetic acid trans- 
port at various pH values, estimates of K m were  obtained 
(Table 4). The results show that the variation of the K m 
Table 4 
Michaelis constants (K m) of the initial uptake rates of labelled acetic acid 
transport as a function of extracellular pH (pHex t) in T. delbrueckii IGC 
4478 grown in acetic acid (0.5%, v/v,  pH 6.0) as the carbon and energy 
source 
pHex , g m (mM) for: 
total anions a undissociated 
acid acid b 
3.0 1.65 0.028 1.622 
4.0 0.44 0.063 0.378 
5.0 0.55 0.349 0.201 
6.0 0.72 0.681 0.039 
The K m values were obtained from the Eadie-Hofstee plots of the 
labelled acid at each pH and expressed as the concentration of undissoci- 
ated acid or anion forms at the experimental pH values, as described 
under Materials and methods. 
a Transport of anionic form. 
b Facilitated ifusion of undissociated acid. 
values between pH 3.0 to 6.0, considering the acid in 
either its anion or undissociated forms, was similar. Thus, 
in contrast o that observed with lactic acid-grown cells, 
these determinations did not clearly distinguish both forms 
of the acid as possible substrates of the acetic acid trans- 
port system. However, and following identical procedures 
to those applied to the elucidation of the transport of 
monocarboxylic a ids in lactic acid-grown cells, data were 
obtained indicating that probably the observed mediated 
transport system for acetate in acetic acid-grown cells 
corresponds also to a proton symport mechanism but more 
specific than the proton lactate symport characterized 
above. In summary, support for this view comes from the 
following experiments. Firstly, addition of acetic acid to 
cell suspensions was accompanied by a saturable xtracel- 
lular alkalization indicating a co-transport with protons. 
Similar results were obtained with propionic and formic 
acids (Table 3). In turn, as it was expected, addition of 
either lactic or pyruvic acid to such suspensions did not 
produce any initial significant extracellular pH changes. 
Secondly, the transport of propionic acid (a non-metaboliz- 
able analogue of acetate transport) was accumulative. After 
about 15 rain of incubation with 0.1 mM labelled propi- 
onic acid, the accumulation ratio was about 100-fold at pH 
5.0. Addition of cold acetic or propionic acids at equilib- 
rium resulted in a rapid efflux of accumulated acid. In 
contrast, addition of lactic or pyruvic acids did not induce 
any counterflow. The accumulation of the acid was com- 
pletely blocked in the presence of CCCP (0.1 mM) while 
the addition of this uncoupler at maximal accumulation 
resulted in a rapid efflux of accumulated acid (not shown). 
This showed that propionic acid was not metabolized and 
that the transport system was dependent on the transmem- 
brane proton-motive force, favoring the hypothesis that a 
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Fig. 6. Growth of T. delbrueckii IGC 4478 at pH 5.0 in a mineral medium with vitamins, glucose (0.2%, w/v)  and DL-lactic acid (0.2%, v/v).  
Abbreviations: A640nm, absorbance at 640 nm; Relative Vma x, relative activity of the proton-lactate symport measured at pH 5.0 and at a saturating 
concentration of L-[14C]lactic acid (2 mM). L-LDH, L-lactate (cytochrome) dehydrogenase activity measured as described. 
proton symport mechanism was involved, and that the 
anion rather than the undissociated form of the acid was 
the substrate transported. In accordance with this hypothe- 
sis, the initial uptake rates of labelled propionic acid were 
found to be strongly inhibited (about 80%) after a 2 min 
incubation of the cells with 20 /zM CCCP. 
3.3. Catabolic repression and induction of the two mono- 
carboxylate transport systems 
Cells of T. delbrueckii IGC 4478 grown in a medium 
with ethanol (0.5%, v /v )  or glycerol (0.5%, w/v),  as well 
as with 2.0% (w/v)  glucose, fructose or sucrose as sole 
carbon and energy sources, did not display any monocar- 
boxylate-proton symport activity, estimated by measuring 
either the uptake of labelled lactic and acetic acids or 
proton uptake, in the pH range between 3.0 and 6.0. These 
findings suggested that the two monocarboxylate proton 
symports are inducible. Despite this, glucose-grown cells 
were still permeable to the acids and essentially identical 
kinetics patterns were observed for the uptake of lactic and 
acetic acids. As shown in Fig. 5, plots of the initial uptake 
rates of both acids as a function of the concentration of the 
respective undissociated acid were linear, over a pH range 
between 3.0 and 6.0, indicating a non-mediated passive 
diffusion mechanism. The pH dependence of the diffusion 
constants (k d) calculated from the slopes of these plots are 
also presented in Fig. 5 (inset). In agreement with the acid 
liposolubility, the cells are much less permeable to the 
undissociated form of lactic acid than of acetic acid. 
Moreover, while the values of k d for lactic acid decreased 
steeply with extracellular pH, the permeability of the mem- 
brane to the undissociated acetic acid appeared not to be 
significantly affected by the pH in the range between 3.0 
and 5.0. 
Growth of the yeast in a medium containing a mixture 
of glucose and lactic acid was diauxic. Activity of the 
proton lactate symport as well as acid consumption be- 
came detectable only after glucose was exhausted (Fig. 6). 
These phenomena of glucose repression and induction by 
the substrate were also found if lactic acid was replaced by 
acetic acid in the culture medium, but in this case, with the 
induction of the acetate proton symport after glucose ex- 
haustion from the medium. Furthermore, under these 
growth conditions, the activity of lactate proton symport 
was not observed reinforcing that we are dealing with two 
distinct monocarboxylate proton symports with specific 
monocarboxylic acids acting as inducers. 
A possible relationship between the metabolism of the 
acids under different growth conditions and the presence 
of the two distinct proton symports for monocarboxylates, 
was also investigated. The enzyme L-LDH displayed the 
highest activity (80.4 mU/g  dry wt.) when the yeast was 
growing with OL-lactic acid (pH 5.0). Furthermore, in a 
medium containing a mixture of glucose and lactic acid, 
activity of the enzyme L-LDH was only detectable after the 
induction of the proton lactate symport (Fig. 6). A very 
low activity (10-12 mU/g  dry wt.), probably correspond- 
ing to a basal value, was observed in yeast growing with 
either pyruvic or acetic acid (pH 5.0). 
4. Discussion 
Only monocarboxylic a ids, metabolizable (lactic, acetic 
and pyruvic acids) or not (propionic and formic acids) by 
Torulaspora delbrueckii IGC 4478, could enter the yeast 
cells through mediated transport systems. Two distinct 
permeases appear to be involved in their transport. When 
the cells were grown with lactic or pyruvic acids the 
results pointed to the presence of a common monocarbox- 
ylate carrier for lactic, pyruvic, acetic, propionic and formic 
acids. In acetic acid-grown cells this cartier was not ex- 
pressed. Instead, under this growth condition, a distinct 
mediated transport system appears to be induced with a 
different specificity pattern, being able to accept acetate, 
propionate and formate. Lactate and pyruvate were not 
recognized by the system and these cells, apparently, were 
not able to transport these two acids. 
As for the mechanism involved, in the transport of 
lactic acid by lactic acid-grown cells, the variation of the 
K m values with the extracellular pH, give a good support 
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for postulating that the anion rather the undissociated acid 
is the substrate. The effec'Es of CCCP in the accumulation 
of propionic acid and in the initial uptake rates of the acid 
strongly suggest the inw)lvement of a proton symport 
mechanism. The observed proton movements during the 
initial uptake of the acid following Michaelis-Menten 
kinetics also agree with the involvement of a monocarbox- 
ylate-proton symport. However, it is important to refer that 
the values presented in Table 3 of the kinetic parameters of
the transport system, were obtained from the Lineweaver- 
Burk plots of the initial acid uptake calculated from the 
slopes of the initial part of the experimental pH curves. As 
it was previously reported ([14] and references therein), 
those values are the result of the proton flux not only 
associated to the transport but also to the re-establishment 
of the extracellular acid-base quilibrium disturbed by the 
transport of the acid. Studies regarding the estimation of 
the theoretical proton fluxes exclusively associated to the 
initial uptake rate of the acid and the respective proton- 
negative charge stoichiometries, as well as its correlation 
with the accumulation capacity of the transport system at 
different extracellular pH values, are under development. 
The monocarboxylic acid carrier observed in acetic 
acid-grown cells appears also to consist of an H+-mono - 
carboxylate symport. In these cells and in contrast o that 
observed in lactic acid-grown cells, we could not infer, 
from the variation of K m values with the extracellular pH, 
which form of the acid was the substrate of the transport 
system. The main basis for our assumption that in acetic 
acid-grown cells an H+-monocarboxylate symport is pre- 
sent was the effect of the uncoupler CCCP, which dissi- 
pates the transmembrane proton gradient. The inhibition of 
the initial uptake rates of the acid by CCCP as well as the 
rapid efflux of accumulated radioactive acid upon its addi- 
tion are consistent with such an hypothesis. 
Another conclusion from our results is that both H +- 
monocarboxylate symports are inducible and subject to 
glucose repression. Glucose-grown cells did not show 
H+-monocarboxylate symports activities and the undisso- 
ciated acids entered the cells by simple diffusion. In the 
case of lactic acid, the diffasion constants values decreased 
with the extracellular pH, concomitantly with an increase 
of the relative concentration of the undissociated acid. 
These results suggest hat the permeability of the plasma 
membrane to undissociated lactic acid decreased with the 
pH which is in accordance with the behavior previously 
found in other yeast species [2,3]. In comparison, the 
permeability of the membrane for the undissociated acetic 
acid appeared not to be significantly affected by the extra- 
cellular pH, the diffusion constants increasing only about 
10-fold between pH 3.0 and 6.0, while over the same pH 
range, the diffusion constants for the undissociated lactic 
acid increased about 100--fold. Thus, when the yeast is 
growing at low pH, one would expect that acetic acid 
could accumulate faster inside the cell thereby inducing 
stronger deleterious effects than lactic acid. These observa- 
tions could be correlated with the results obtained from 
growth experiments. In contrast to that observed with 
OL-lactic or pyruvic acid, the yeast could only grow in a 
medium with 0.5% acetic acid at pH values higher than 
5.0. At low pH, between 3.0 and 5.0, the values of the 
acetic acid concentrations above which growth was no 
longer measurable were lower than those obtained with 
lactic acid. Torulaspora delbrueckii is one of the yeast 
species involved in the spontaneous fermentation of grape 
musts [15]. Additional studies will be necessary to eluci- 
date the possible toxicity of acetic acid, a normal sub-prod- 
uct of a wine fermentation, alone and in combination with 
ethanol for the yeast grown under different conditions and 
its possible correlation with mechanisms involved in the 
transport of monocarboxylic a ids. 
Finally, from the enzymatic assays we can conclude 
that the lactate proton symport activity was not associated 
with the L-LDH enzyme since pyruvic acid-grown cells, 
reduced L-LDH activity, also displayed activity for the 
lactate carrier which, in all likelihood, was the monocar- 
boxylate proton symport observed in lactic acid-grown 
cells. However, each of the two proton symports displayed 
specificity with respect to the inducer. Thus, while the 
induction of the acetate proton-symport appeared to be 
exclusively associated with acetic acid, the lactate proton- 
symport could be induced by either lactic or pyruvic acid 
but not by acetic acid. Further studies to elucidate the 
physiological role of the two H+-monocarboxylate sym- 
ports and the molecular mechanisms involved in their 
regulation are needed. An essential approach, which is 
now underway, will include studies based either on vesi- 
cles prepared from cells grown under various conditions 
and/or on the obtention of mutants deficient on each of 
the carriers in order to isolate and further characterize the 
permease(s) and the corresponding gene(s). 
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